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Introduction 
 
More and more, archaeology straddles the line between qualitative cultural research and 
quantitative science.  This is both a strength of the discipline and a point of disconnect, and 
archaeometric studies that help to fuse the two together have a great deal to offer.  Archaeometry 
involves “the application of chemical and physical methods to the study of archaeological 
materials” (Price 2007:416).  Recently, X-ray fluorescence spectrometry (XRF) has come to the 
fore as an accurate and cost-effective archaeometric technique for obtaining the chemical 
signatures of materials ranging from ceramics to obsidian (Kuhn and Sempowski 2001; Pollard 
and Heron 2008; Tite 1999).  XRF provides evidence that has proven useful for answering 
diverse questions, including those concerning craft production and exchange relations.  The 
following summarizes a pilot XRF study delving into related issues in the Chesapeake, using 
Native ceramics from Woodland-period stratified deposits at the sites of Kiskiak (44YO2), 
located along the York River, and of Moysonec (44NK167), located along the Chickahominy 
(Figure 1). 
There is little evidence in the archaeological record of craft specialization in the 
Chesapeake region before European contact (Stewart 2004), and the ethnohistorical record points 
toward household production and use of ceramics through the early colonial era (Smith 1986).  
Still, questions remain concerning the possibility that some households specialized in production 
of ceramic vessels for exchange (Klein and Sanford 2004).  Questions concerning alterations in 
exchange patterns remain to be answered, as well.  Did the intensity and scale of exchange 
increase during the years when chiefly polities arose?  Did high-value items, or “prestige goods,” 
flow through exchange networks in ways that differed from everyday items?  Looking at the 
ceramics from two separate river drainages, but focusing primarily on Kiskiak, I attempted to 
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approach such questions by determining whether the elemental composition of ceramics became 
more or less diverse during the Woodland period.  The results from this pilot study should shed 
light on the exchange patterns and production practices in the Woodland period, as well as 
suggest areas for future investigation. 
 
XRF in Archaeology 
Little materials characterization analysis has been done in the Chesapeake for the 
Woodland period, but XRF and archaeological chemistry have been effectively used at other 
sites to address issues of specialization and exchange (Bishop, et al. 1988; Kuhn and Sempowski 
2001; Notis, et al. 2007).  XRF was used to successfully identify local versus exotic pipes at 
several different Seneca and Mohawk sites, revealing the pattern of exchange between the two 
groups and resulting in a firmer date for the foundation of the League of the Iroquois (Kuhn and 
Sempowski 2001).  An XRF analysis of Tyrian coin hoards allowed archaeologists to track the 
silver content of the coins as correlated to the stabilization of the Roman Empire (Notis, et al. 
2007), and XRF data showed that the Incan monolithic stones used in Cuzco had not been 
quarried locally, as commonly supposed, but had in fact been transported long distances before 
reaching the capital (Ogburn 2004). 
The interesting point these studies hold in common is the fact that archaeologists were 
able to use the scientific technique of XRF in order to answer useful, anthropological questions.  
The authors did not simply report source regions for the pipes and stones they studied, although 
accurate sourcing is the most straightforward result of materials characterization.  Instead, they 
were able to use the data from the pipes to provide a more accurate history of the Iroquois 
Confederacy’s establishment; the coins to map relations between Herod, Augustus, and 
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Jerusalem during a formative period of the Roman Empire; and the stones to propose an entirely 
new perspective on the organization of labor within the Incan empire. 
Similarly, this study aims to use XRF in order to gain a better understanding of 
interaction and exchange in the Chesapeake, using excavated ceramics.  Ceramic sourcing is less 
straightforward than that of other materials; before a pot is fired, the mixing and cleaning of 
clays, as well as the addition of temper to the paste, may occur (Garrigós 2003; Milazzo 2004; 
Sharratt, et al. 2009).  These modifications make the connection between a clay source and a 
finished product more tenuous than the connection between a piece of rock and the quarry it was 
taken from, for example.  Fortunately, a good scientific research design can help to ameliorate 
these issues, as well as those that arise simply from instrumental error and detection limits.  
Continuously checking the precision and accuracy of the instrument, taking multiple tests of 
multiple samples, using high-quality standards, and calculating error are all necessary steps for 
acquiring reliable results.  Further, XRF (like any technique) should be used in conjunction with 
other methods of materials characterization to verify the accuracy of results (Bishop, et al. 1990; 
Shackley 2010).  With the appropriate checks and testing, XRF can be a very powerful tool. 
Extra care must be taken when analyzing ceramics and clays, but archaeologists have 
used XRF to study them in many areas, even so.  A study of Byzantine glazed pottery from 
Cyprus contributed to an understanding of workshops in Paphos, as well as trade with other 
production centers (Charalambous 2010).  The XRF study of ceramics found at potters’ 
workshops in an ancient Iranian village strongly suggests specialized production, adding an 
interesting facet to discussions of socio-political patterns within prehistoric Bakun society 
(Marghussian, et al. 2009).  In Arizona, chemical analysis allowed the identification of separate, 
specialized Hopi village pottery production centers as close together as 8 km on the same mesa 
8 
 
(Bishop, et al 1988).  In this case, the technique used was instrumental neutron activation 
analysis (INAA), but XRF is a comparable method, and even more precise in the case of certain 
elements (Tite 1999).  Even more applicable to this Kiskiak study, XRF was used to analyze 
ceramic sherds and clay sources at the Pethick site – a riverine, Late Archaic and Woodland site 
in New York containing intact stratified deposits – in an attempt to improve our understanding of 
native lifestyles during the transition to sedentism (Rieth, et al. 2007).  The results suggest that 
potters largely selected clays based on proximity to their villages. 
Multivariate statistics, including principal components analysis and cluster analysis, 
provide the best way of describing raw clays and ceramic sherds in order to find the kinds of 
patterns that indicate sourcing and production practices (Charalambous, et al. 2010; Kuhn and 
Sempowski 2001; Marghussian, et al. 2009; Ogburn 2004; Rieth 2007).  At a basic level, 
homogeneity in raw materials, production techniques, form, and stylistic attributes suggests 
specialization, while variation suggests household production or exchange (Tite 1999). 
 
Cultural Context and Models of Exchange 
While craft specialization at either Kiskiak or Moysonec is unlikely, the stratified 
deposits at both sites extend through dynamic phases of time in which social-organizational 
changes likely impacted the production, distribution, and consumption of ceramic vessels.  My 
research focuses on the ceramics associated with the Middle (500 BCE – CE 900) and Late 
Woodland (900 – 1600 CE) periods.  During this time, native groups in the Chesapeake shifted 
from village autonomy to a stratified chiefly organization, and from a fisher-gatherer lifestyle to 
an agricultural one (Gallivan 2010). 
Throughout these major transitions, the site of Kiskiak remained a place people kept 
returning to.  A dispersed village settlement, it is located along Indian Field Creek, which flows 
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into the York River.  The entire site is located on the Naval Weapons Station, Yorktown 
(NWSY), which has protected it and prevented it from being disturbed by mechanized plowing 
(Gallivan 2012).  Surveys conducted by the William and Mary Center for Archaeological 
Research (WMCAR) in 1999 and 2000 over the entire NWSY located the portion of the site, 
44YO2, from which the ceramics I tested were taken.  Excavations by WMCAR and by the 
College of William & Mary field school students for the past two summers have identified 
postmolds and hearth features, which indicate ordinary domestic space, as well as large shell 
middens and ditch features. 
Diagnostic artifacts signify particularly intensive settlement of Kiskiak during the Middle 
Woodland and Late Woodland periods, but the deep shell midden deposits contain even older 
material, as well.  By the time of colonial contact, historical records indicate that Kiskiak was an 
important political center which had been conquered by, or otherwise incorporated into, the 
Powhatan nation (Gallivan 2012).  Following interactions with Spanish and English colonists, 
the Kiskiaks contributed to the force of Powhatans making a concerted attack on English 
settlements in 1622.  Reprisals by the English led to almost total abandonment of the site by 
1623, and the Kiskiaks fade from mention by the end of the century (Gallivan 2012). 
While my research focused mainly on ceramics found at Kiskiak, for comparative 
purposes I also did some less extensive testing on those excavated from the Chickahominy site of 
Moysonec.  The Moysonec site is located on a terrace overlooking Diascund Creek, which flows 
into the Chickahominy River, which is in turn a major tributary of the James.  The 
Chickahominies were a significant native military power when the English arrived and, unlike 
Kiskiak, they managed to maintain their independence from the neighboring Powhatan chiefdom 
(Gallivan, et al. 2009).  The Moysonec site (44NK167) was excavated by the College of William 
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& Mary in 1975.  Though not as extensive as Kiskiak’s, it contains stratified deposits stretching 
through the Middle and Late Woodland periods.  The Moysonec site exhibits increasing 
settlement throughout this time, but no particularly intensive construction of buildings or 
alterations of landscape (Gallivan, et al. 2009).  Altogether, the evidence suggests that the site 
was most sizeable during the Late Woodland, but probably never as populous or intensively used 
as Kiskiak. 
In general, communities became larger, more permanent, and more focused on 
agriculture throughout the Chesapeake as a whole, as the Woodland period progressed.  Regional 
variation still existed:  some peoples, like the Chickahominies, cultivated maize intensively 
(Gallivan, et al. 2009), but others, like the Kiskiaks, remained focused on estuarine resources 
such as shellfish and turned to horticulture much later (Gallivan 2010).  The trend, however, was 
towards sedentism and agriculture. 
Nevertheless, the culture of people in the Chesapeake region was based upon movement, 
and even as people settled down, generally in spatially-dispersed towns located along the banks 
of major rivers (Rountree and Turner 2002), goods kept circulating.  Regional connections made 
in the Early and Middle Woodland periods, as people moved seasonally between small campsites 
and midden sites, between interior sites and riverside ones (Gallivan 2010), may have solidified 
or intensified over time (Rountree 1993).  Certainly by the arrival of Europeans, networks of 
contacts provided routes for exchanging items throughout the Chesapeake, particularly shell 
beads and copper (Gallivan 2010; Potter 1993; Rountree 1993; Turner 1993). 
The entire Eastern woodlands, in fact, was linked together variously by kinship, 
competition, and exchange (Klein and Sanford 2004; Turner 1993).  Copper and shell were the 
most prestigious goods, but other materials would also have moved through different, 
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overlapping exchange spheres; these included items such as feathers, hides, pigments, and lithic 
objects (Potter 1993; Rountree 1993).  Organic materials such as plant foods and medicinal herbs 
were traded as well, and likely dominated exchange in terms of quantity (Rountree 1993; Turner 
1993).  Finally, ceramics circulated through “lower-level exchange spheres” (Klein and Sanford 
2004:53). 
The movement of people and goods was a constant fact of life in the Chesapeake region.  
But changes in settlement and subsistence likely produced economic changes, which included 
the reorientation of exchange spheres involving the movement of both prestige goods and staple 
items.  Logically, degrees and types of exchange fluctuate with changes in group settlement and 
sociopolitical organization (Hoffman 2007).  Our current knowledge of exchange patterns and 
production practices, though, is weighted heavily toward the Late Woodland, as that is the period 
to which historical documents most closely refer. 
Archaeological and ethnohistorical studies indicate that the household was the most 
important economic unit in Late Woodland communities (Gallivan 2003).  This pattern bears 
some resemblance to Sahlins’ characterization of “primitive economies” (Sahlins 1972:41) 
centered on a domestic mode of production.  The domestic mode of production is distinguished 
by underproduction, simple technology, disperse communities, and lack of craft specialization. 
Economy and exchange is organized around kinship relations and households, and depends on 
social factors pressuring a network of exchange partners (Sahlins 1972:309). 
 Sahlins’ model accords well with Stewart’s description of the two main types of 
exchange coexisting in the pre-contact Middle Atlantic (Stewart 2004).  In broad-based 
networks, kin and trading partners exchanged goods widely across the landscape.  In focused 
networks, small groups of individuals secured items from other broad-based networks outside 
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their region.  Trade was not formalized in terms of centralized markets, but the entire region was 
linked through networks of exchange. 
Stewart also suggests that the number of traded items in the Middle Atlantic dropped 
significantly after 800 CE.  According to another archaeological model (Plog 1990), however, 
goods (including ceramics) should have been moving at an increased rate through trading 
networks at almost precisely this time.  Looking specifically at data from Mesoamerica and from 
the American Southwest, but emphasizing the applicability of the model for other areas, Plog 
proposes that the transition to agriculture and sedentism has been accompanied by an increase in 
trade, both local and long-distance (Plog 1990:186).  This increase focused especially on 
utilitarian items, and resulted from the increased risks of sedentism, specifically dependency on 
the resources of a single area.  Stewart on the other hand, suggests that sedentism led to 
decreased risks, due to the new capability of storing surplus agricultural products (Stewart 
2004:348).   
Patterning related to exchange within stratified deposits accumulated over an extended 
period of time should point toward which of these two models most effectively describes 
exchange, particularly related to subsistence, within the Chesapeake region.  I will assume that 
homogeneity in chemical signatures denotes local production, while variation indicates 
exchange.  At Kiskiak, the stratigraphic sequence of deposits has remained relatively 
undisturbed, and so identification of patterns over time should be feasible. 
 
Woodland-Period Ceramics 
All of the sherds I tested from Kiskiak were excavated from a single test unit located in a 
large shell midden deposit, in which the strata showed a clear progression of ceramic ware types.  
Stratum X, the oldest stratum excavated, contained mostly Varina ware, associated with the 
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Middle Woodland I period (500 BCE – CE 200).  Strata VIII and IX contained mostly Mockley, 
associated with Middle Woodland II (200 – 900 CE).  The subsistence practices during the 
Middle Woodland in general consisted of hunting, fishing, and gathering.  Stratum VII contained 
mostly Townsend ceramics, associated with Late Woodland I (900 -1200 CE), a transitional 
period in which agriculture was supplemented with other subsistence practices.  Finally, stratum 
VI contained mostly Roanoke, a ware type associated with Late Woodland II (1200 CE – 
European contact), in which agriculture was a primary means of subsistence, though hunting, 
fishing, and wild plant foods remained important. 
The sherds tested from the Chickahominy site of Moysonec were also taken from a single 
test unit (55L80).  The stratified deposits at Moysonec were less extensive than those at Kiskiak, 
but they show a similar chronological progression of ware types.  Level 5 contained a mix of 
Varina and Mockley ware, Level 4 contained Mockley and Townsend, and Level 3 contained 
Townsend and Roanoke. 
Each of the four ware types is built in essentially the same way.  All are coil-constructed 
and smoothed over, following which they may or may not be decorated with some form of 
impression (Egloff and Potter 1982).  They do show increasing technical sophistication, 
however, in that the vessel walls grow increasingly thinner and less friable.  Varina ware is the 
oldest and thickest type, associated with the Middle Woodland I period.  It is tempered with sand 
and roughly-crushed quartz, and may be cord-marked, net-impressed, or plain (Blanton and 
Pullins 2004; Gallivan, et al. 2009). 
The Mockley ware type, appearing in the Middle Woodland II, marks the start of a new 
production tradition and perhaps significant cultural changes, as well.  Instead of lithic material, 
Mockley is tempered with fragments of shell.  It is generally cord-marked or net-impressed, but 
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may also be plain (Egloff and Potter 1982).  Townsend ware, appearing in the Late Woodland I, 
is similarly tempered with shell, but more finely crushed than Mockley.  It is also thinner-walled 
and fabric-impressed, and may have incised or cord-impressed decoration.  The final ware type, 
Roanoke ware, is associated with Late Woodland II, though Townsend also continues through 
this time.  Roanoke ware is always simple-stamped and, like Townsend and Mockley, it is shell-
tempered (Egloff and Potter 1982). 
It is worth noting that whether utilitarian items were being exchanged at an increased or 
decreased rate over time, pottery was not the commodity being circulated at the highest rate.  
Ceramics are heavy, breakable, and more than likely, every community had the capability of 
making them.  This is not to say that they were never exchanged, however; for example, 
Mockley ware has been found at interior sites without easy access to the shell used in its temper, 
indicating that exchange did happen (Gallivan 2010).  Ceramics were simply moving at a lower 
rate (Sanford and Klein 2004).  As ceramic sherds are among the most copious artifacts found in 
native sites, and therefore provide a large possible source of information, they are worth 
investigating.  In fact, ceramic variability provides “one of the most important lines of 
archaeological evidence to document sociopolitical interactions within and between neighboring 
groups” (Turner 1993:83).  Furthermore, gaining a good understanding of source clays will be 
useful for the study of other items, such as clay pipes, which circulated through exchange 
networks regularly. 
 
Methodology 
XRF is a non-destructive method used to obtain the chemical signatures of all types of 
objects.  Specifically, the X-rays generated by the machine knock electrons out of the inner 
orbitals of the atoms in the samples, and the downward cascade of electrons to fill in the gap 
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releases secondary radiation at energy levels characteristic of particular elements.  The energy 
spectra picked up by the detector must then be compared to a known standard in order to 
determine quantitative amounts of the elements present in the sample (Pollard and Heron 2008; 
Schlotz and Uhlig 2000).  Two types of XRF systems are in use: energy dispersive XRF 
(EDXRF) and wavelength dispersive XRF (WDXRF) (Sianoudis and Hein 2010).  WDXRF is 
usually considered to have better limits of detection for trace elements, though experiments show 
that, at least in certain cases, the two systems are equally accurate (Pessanha, et al. 2009; Pollard 
and Heron 2008).  The advantage of EDXRF lies in the fact that it is time-efficient and can be 
made portable.  The drawback to both lies in the ability to characterize only the surface of a 
sample, and a small fraction at that.  Checking the instrument with high-quality standards and 
using XRF in conjunction with other methods of materials characterization can help to mitigate 
these problems (Bishop, et al. 1990; Shackley 2010). 
 For this pilot study, I examined the chemical characterization of 106 ceramic sherds from 
a single test unit at the site of Kiskiak.  Test Unit 28 showed temporal continuity from the 
Middle Woodland through Late Woodland periods, and approximately 25 sherds larger than 2 
cm were chosen at random from level ‘a’ of each of the strata associated with these periods, with 
the exception of Stratum X, which was the deepest stratum excavated and yielded the least 
material culture.  It produced only five testable sherds.  Later, 30 sherds from another stratified 
deposit at Moysonec were added to the sample set for comparison, as well as a sample of clay 
from the Kiskiak site. 
 At first, I used a portable XRF (pXRF) spectrometer to test each sherd.  This method was 
non-destructive and initially seemed to be the best option, yet experimentation showed that 
surface accretions and unnevennesses significantly affected results, XRF being a surface 
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detection method only.  The voltage at which the spectrometer was being run was also too low to 
detect any elements present in the sherds higher than iron on the periodic table.  (The pXRF 
settings I used were 15 kV and 25 μA.)  I tested the recto and verso of each Chickahominy sherd 
for 180 seconds, being careful not to overheat the machine, and I also ran all of the samples 
under vacuum conditions, which turned out to be unnecessary.  The entire process was very 
time-consuming and, unfortunately, hard to standardize. 
 In order to produce the most accurate data, I moved to a laboratory WDXRF setup and a 
different means of sample preparation, under the guidance of Dr. Chris Stevenson of Richard 
Bland College.  The stationary XRF spectrometer uses a rhodium anode for X-ray production 
and contains an automatic sample changer that holds up to 20 samples, saving a great deal of 
manual labor during testing.  Unfortunately, the samples must be less than 25 mm in diameter in 
order to fit into the sample cups, entailing destruction of the sherd, unlike the portable XRF 
process. 
In an attempt to preserve as much information as possible, the sherds were physically 
analyzed and digital photographs of both recto and verso were taken.  I used a circular saw with 
a diamond blade to trim each sherd to the appropriate size (cutting into only a portion of the 
sherd wherever possible) and then to slice it in cross-section.  Cross-sectioning the sherds created 
a smooth test area and circumvented variable results due to the coarseness of the original surface.  
The water used as a lubricant for the diamond saw’s mechanisms was changed between every 
sherd in order to avoid cross-contamination.  Once the samples were cut, they were rinsed with 
deionized water and dried in a convection oven at 70 °C for about 45 minutes.  At this point, they 
were ready to be placed into the XRF machine. 
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 Before running any samples, I tested a pure copper ingot to ensure that the spectrometer 
was running properly and that its calibrations hadn’t drifted.  Then the ceramic samples were 
loaded and run, always with the standard RGM-1 acting as a control.  The samples were run for 
200 seconds at 30 kV and 0.14 μA with the Pd Medium filter.  The XRF spectrometer measured 
the intensities at different energy levels of the secondary X-rays produced and converted them to 
the concentrations, in parts per million, of the elements present in the sample.  The machine was 
calibrated to record concentrations of 13 different trace elements: titanium, manganese, iron, 
nickel, copper, zinc, gallium, thorium, rubidium, strontium, yttrium, zirconium, and niobium. 
 SPSS statistical software was used to analyze resultant data and to generate all graphs and 
charts. 
 
Results and Conclusions 
 Though the spectrometer is calibrated to produce concentration values for 13 different 
trace elements, the results for thorium need to be discounted, as nearly every sample tested 
received a value of 6 parts per million (ppm) due to some type of instrumental error.  The XRF 
spectrometer, then, provided the concentrations of the twelve remaining elements present in a 
one-centimeter-diameter area of a sample’s surface.  I obtained the elemental signatures of a total 
of 136 sherds found in stratified deposits at the two sites, as well as one sample of raw local clay.  
Simple statistical analysis made clear several interesting patterns, but also revealed some 
possible sources of error. 
 Immediately obvious, the median concentrations for the sherds from Kiskiak are lower 
than those of the Chickahominy sherds for almost every element (Figure 2).  Independent 
samples t-tests show that the differences are significant.  Differences in ceramic preservation 
likely play a role in this pattern.  The shell midden at Kiskiak preserved the ceramics there in a 
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remarkable way, including the shell temper.  The soil at the Moysonec site, however, was more 
acidic, leaching away the shell present in those sherds.  Thus, the presence of shell inclusions 
may have depressed the levels of elements (other than calcium) measured in the Kiskiak sherds.  
Unfortunately, the XRF machine was not calibrated to record the concentration of calcium, one 
of the major elements found in shell.  Comparing the Kiskiak sherds to others in a similar state of 
preservation (with shell included) could help to determine the true extent of this issue.  In the 
future, other modes of sample preparation could prevent it: sherd pulverization would prevent 
large chunks of temper from compromising the surface area under detection by the spectrometer, 
or a weak acid could be used to artificially leach the sherds of their shell content.  In the event 
that these measures cannot be taken, the area under detection by the spectrometer should be 
carefully chosen to avoid as much shell material as possible. 
 Despite the apparent impact of shell temper preservation on the XRF results, the data 
obtained in this study are not completely without value.  First of all, the difference in temper 
preservation between sites should not be an obstacle when searching for patterns within a single 
site.  If temper does indeed result in significant differences in concentration values, we would 
expect to see decreasing elemental concentrations as we move from more recent to older strata at 
Kiskiak, since the size of inclusions increases in deeper time.  Yet, this is not strictly the case.  
There is also one exception to the concentration pattern between sites.  The median concentration 
of strontium is significantly higher at Kiskiak than it is at the Moysonec site (Figure 3).  Again, 
the difference is significant.  (Even with equal variances not assumed, an independent samples t-
test with t = -4.163 and df = 32.610 shows that p < 0.001.)  Since strontium is an element found 
in seawater, this is perhaps due to Kiskiak’s location on a brackish creek, as opposed to the 
freshwater of the Chickahominy River.  It may also be further evidence for the impact of shell 
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inclusions.  For the reasons just stated, however, the impact of temper on trace elemental counts 
should not completely rule out the validity of the results. 
 Though sample preservation and preparation highlight the difference in median 
concentration between the sites, the range of variation within each site actually displays a high 
degree of overlap in most elements.  There are two elements, however, that cluster in 
geographically-distinct ways: strontium and manganese (Figure 4).  Given a sherd of unknown 
provenience, using these two elements, we could assign it to the appropriate site with a high level 
of confidence.  This pattern suggests that XRF can, in fact, offer evidence useful for addressing 
questions of Woodland-period ceramic sourcing and provenience in the Chesapeake region. 
 Unfortunately, determining differences between strata within a single site proves more 
difficult.  Most of the sherds from Kiskiak fall into a single, dispersed data cluster that is not 
differentiated by stratum or ware type.  This is not particularly surprising; it points to the 
conclusion that the people making pots at Kiskiak did so with local clay, using similar clay 
sources through time.  Our current knowledge of the social and cultural history of the region 
suggests this as the most likely scenario, as well. 
Looking at each stratum individually, however, reveals some sherds that show up as 
outliers across several different elements.  Sherd 44YO2-91-1 from Stratum X, for example, was 
an extreme outlier for seven elements.  Reference back to the sherd itself revealed that it was the 
only shell-tempered sherd of the group, which otherwise tended to fall into a discrete clump.  
The other sherds from stratum X, the oldest stratum excavated, belonged to the older Varina 
ware type, tempered with lithic material.  Then, sherd 44YO2-82-5, which was recorded as part 
of a pot bust but didn’t visually match the other pot bust sherds, proved to be an outlier in five 
different elements; these included both diagnostic elements (Sr and Mn).  All the other sherds 
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tested from the pot bust fell within the main cluster of data points.  Clear outlier examples like 
these support the accuracy of the data as a whole and the utility of the XRF method. 
Knowing that statistical outliers are likely to be significant in that they may highlight 
sherds which have been made from non-local clays, the next step seemed to be to look at 
differences in range of variation over time.  In this case, instead of looking at differences 
between strata, differences between phases of time were examined.  In order to accomplish this, 
the sherds from strata XIII and IX (containing mostly Mockley-type ceramics) were grouped 
together.  Sherd 44YO2-91-1, the Mockley outlier from Stratum X, was excluded from analysis.  
This organization resulted in four phase groups, Middle Woodland I (MW I), Middle Woodland 
II (MW II), Late Woodland I (LW I), and Late Woodland II (LW II). 
Since I wanted to focus on the full spread of variation present, as opposed to the thickest 
concentration of data points, I considered range values (rather than standard deviation, for 
example).  As a measure of dispersion that is highly susceptible to outliers, range can be a 
misleading indicator of the typical spread of values around a midpoint.  As a gauge of the extent 
to which unusual values appear, however, it can be a useful parameter. 
For every element, the range values increased substantially between the Middle 
Woodland I and Middle Woodland II phases.  Following this leap, the pattern varied by element, 
but the range generally decreased again in the Late Woodland phases, though much less 
drastically.  Strontium and nickel are good examples of this pattern (Figure 5).  It turns out that 
the standard deviation for elemental concentration in each phase tended to follow the same type 
of pattern, as well, with a jump between Middle Woodland I and II. 
A multivariate statistical approach also draws attention to the Middle Woodland.  
Principal components analysis (PCA), a method that groups variables based on co-variation, 
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extracted three major components.  These accounted for about 60% of the variation in the data.  
Unfortunately, PCA was not highly useful for this study; it would be much more applicable if I 
had more data on source clays which I was attempting to compare to the data from the sherds.  
However, graphing the components against each other did again suggest that the sherds from 
Middle Woodland I and those from Middle Woodland II cluster in ways that the sherds from the 
Late Woodland period do not (Figure 6). 
In general, the data show a lack of diversity in the Middle Woodland I, a jump in the 
Middle Woodland II, and more inconsistent variation within the Late Woodland.  The variability 
is perhaps indicative of different trade spheres during different periods.  The general decline in 
range and standard deviation during the Late Woodland is unlikely to show craft specialization, 
as no evidence of ceramic workshops or specialized production has been found at Kiskiak. 
The transition point between Middle Woodland I and Middle Woodland II is intriguing, 
however.  This break is surprising, because based on Stewart’s and Plog’s models, I had 
expected to see a dramatic shift (if any) occur sometime during the Late Woodland period, with 
the arrival of agriculture.  The change at the Middle Woodland I and II divide instead is 
particularly interesting because we know that significant changes occurred in the Chesapeake 
region at this point in time – changes that were both technological and cultural (Blanton and 
Pullins 2004).  New, shell-tempered Mockley ware was introduced at this point, along with the 
introduction of new forms of settlement and subsistence, and increased sedentism.  Could non-
local types of pottery have been brought to the site along with these other changes?  Perhaps 
exchanges in utilitarian ware then tapered off as people settled into new modes of living.  
Perhaps changes in modes of exchange are tied specifically to the development of sedentism 
more closely than they are to the development of agriculture.  The movement to sedentism is 
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often correlated to dependence on agriculture, but the two are not necessarily simultaneous (Plog 
1990). 
The changes in settlement may also have been accompanied by the influx of a new type 
of people – the Algonquian speakers.  The timing of this migration is unclear, but Algonquian 
peoples probably arrived either ca. 200 CE (the divide between Middle Woodland I and II) or ca. 
900 CE (the divide between Middle Woodland II and Late Woodland I) (Potter 1993).  As one of 
the major native groups in the Middle Atlantic region, the event is hugely significant.  At the 
very least, it interesting that the XRF data point toward ceramic differentiation at one of the 
hypothesized points in time at which the arrival occurred.  Something certainly seems to be 
happening to utilitarian ceramics during the Middle Woodland II, but precisely what and why 
will require further investigation. 
At present, the substantial increase in variation as the Middle Woodland II begins may 
tentatively support Plog’s model of sedentism as accompanied by increased exchange, but 
unfortunately, I do not have enough data to be certain.  I had access to far fewer sherds from the 
Middle Woodland I period than from the other phases of time, and so sample size may be having 
a significant effect on the break point visible between the Middle Woodland I and Middle 
Woodland II phases.  The consistency of the trend across all tested elements contributes to doubt, 
as well, keeping in mind that the only elements showing geographical significance appear to be 
manganese and strontium.  Since all the elements follow the same general pattern, the XRF data 
may be pointing toward some consistent variation always present in source clay, rather than an 
exchange of goods from outside the same river drainage.  Further investigation of extreme 
outliers, testing more sherds, and testing more source clays would all help to shed light on these 
issues. 
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Clay sources are important for more than just understanding issues of sample bias, 
however.  They are absolutely key for any sort of expansion upon this study.  As it stands, I can 
group ceramic sherds with others sherds that are chemically similar, suggesting that they came 
from the same source.  But without data from clay sources, I cannot tell where that source may 
be.  As a result, any analysis of the data thus far is necessarily hesitant, even if no other possible 
sources of error existed.  I am operating under the assumption that the large groups of sherds 
made from the same clay were made using local clay sources, and that outliers are the products 
of exchange.  It is a reasonable assumption, but it is still just that.  Without clay source data, 
there is no way to absolutely discount the idea that the Kiskiaks traveled long distances to 
procure their clay of choice (unlikely), or even that they imported the vast majority of their 
ceramics from one production center located elsewhere (even more unlikely). 
Though I was only able to run one sample of clay, which I drilled with geologist Rick 
Berquist from the bank of Indian Field Creek directly across from the Kiskiak site, I did receive 
Dr. Berquist’s geochemical report on it.  The sample we collected was blue-grey marsh clay, 
likely at sea level about 400 years ago, and of a good quality for making ceramics.  Interestingly, 
it had higher levels of gold, bromine, and sulfur than are typical of other clays (Berquist, 
personal communication, April 10, 2012).  This distinctive elemental signature suggests that if 
the XRF spectrometer can be calibrated for more elements, ceramics made from Kiskiak clay 
should be able to be identified and distinguished from others.  Such a result bodes well for future 
study. 
 To really understand the patterns that excavated ceramics can reveal, more work clearly 
needs to be done.  None of the trends discussed here are conclusive; they are merely indicative of 
possibilities.  To really delve into what XRF can provide for us, we need to expand our sample 
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set: increasing the time depth and spatial breadth of this study by testing more sherds from other 
test units and from other sites would help to clarify trends.  Outliers should be further 
investigated, and more clays should be tested for sourcing.  Calibrating the spectrometer to 
record concentrations for more elements, including calcium, silicon, and the notable elements 
from the Kiskiak clay, would be extremely helpful, and repeated tests on each sherd would 
improve accuracy.  Other materials characterization methods should also be performed in 
conjunction with XRF to corroborate the data.  In-depth multivariate statistical analysis and 
significance testing remain to be done, as well. 
What this pilot study can do is endorse the utility of the XRF method in this region.  
Geographic sources are clearly represented in the chemistry of ceramics, and sociocultural 
changes during the Woodland period may also be reflected.  Thus, as a pilot study designed to 
demonstrate the “proof of concept,” this study has proven to be a qualified success.  In the future, 
I am confidently hopeful that XRF can continue to bridge the gap between science and culture 
through its application to a range of questions regarding craft production and exchange in the 
Chesapeake. 
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Figures 
 
 
Figure 1. Map of the James and York Rivers in Tidewater Virginia, showing the locations of 
Kiskiak and Moysonec (Gallivan, et al. 2009).  
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a.  
b.  
Figure 2. Examples of concentration depression in Kiskiak sherds, likely due to the presence of 
shell temper, with a) copper, and b) manganese. 
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Figure 3. The concentration of strontium was not depressed by the presence of shell temper in 
sherds from Kiskiak; instead, it may have been amplified.  
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Figure 4. Concentration of manganese plotted against the concentration of strontium for all 
sherds tested from the Kiskiak and Moysonec sites. 
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Sr (ppm) 
Phase Mean N Std. Deviation Range 
LW II 222.284 25 67.7361 248.0 
LW I 284.116 25 77.1484 366.0 
MW II 326.824 51 87.8944 528.0 
MW I 99.500 4 7.4162 18.0 
Total 283.105 105 96.2880 561.0 
 
Figure 5a. Strontium concentration dispersion by phase at Kiskiak. 
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Ni (ppm) 
Phase Mean N Std. Deviation Range 
LW II 17.228 25 8.1430 31.0 
LW I 17.680 25 11.3494 40.0 
MW II 15.196 51 7.2195 43.0 
MW I 28.750 4 1.7078 4.0 
Total 16.788 105 8.7837 49.0 
 
Figure 5b. Nickel concentration dispersion by phase at Kiskiak. 
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6c. 
Figure 6.  Principal Components Analysis (PCA) Results for Kiskiak sherds only, a) and b) in 
two dimensions and c) in three dimensions.  Clustering is easier to see on a rotatable 3-D model. 
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Appendix A: 
Data Collected
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Table 1. Elemental Concentrations (ppm) 
         Sample Name Ti Mn Fe Ni Cu Zn Ga Th Rb Sr Y Zr Nb 
44YO2-61-1 4919 157 38081 20.1 17.7 100.6 17.21 6.00 79.2 167.7 17.6 300.9 7.3 
44YO2-61-2 5062 129 24666 9.0 11.3 53.7 22.06 6.00 92.2 203.6 26.8 316.5 22.3 
44YO2-61-5 4873 148 41480 20.5 14.3 47.9 14.64 6.00 50.5 215.7 20.3 261.2 23.6 
44YO2-61-6 5078 214 33599 16.0 9.9 69.2 18.62 6.00 89.1 282.0 19.7 204.7 10.0 
44YO2-61-7 4975 179 42680 12.6 11.4 61.9 20.2 6.00 90.5 135.7 17.9 258.9 23.6 
44YO2-61-8 4635 131 33431 15.7 12.1 40.6 14.53 6.00 54.4 292.8 14.2 211.6 10.7 
44YO2-61-9 5142 133 24612 10.2 10.8 58.8 17.3 6.00 96.3 224.4 27.4 305.5 23.6 
44YO2-61-11 4432 586 48700 27.2 13.7 66.0 16.51 6.00 66.7 244.0 38.8 287.0 8.9 
44YO2-61-12 4799 138 40610 20.6 16.2 57.9 16.62 6.00 78.0 340.9 10.9 228.5 8.0 
44YO2-61-13 4688 135 34662 15.6 13.0 42.0 14.95 6.00 64.1 296.7 17.7 220.2 12.7 
44YO2-61-14 6090 214 28752 20.7 37.8 97.9 27.7 6.00 104.4 185.3 39.7 200.3 16.7 
44YO2-61-15 4295 155 30560 6.8 17.6 86.2 15.83 6.00 67.1 303.6 11.6 235.5 8.8 
44YO2-61-16 4466 157 45560 33.3 21.9 142.9 20.27 6.00 116.2 133.1 53.4 196.7 11.4 
44YO2-61-17 5455 143 15615 2.3 13.7 31.3 18.94 6.00 94.2 247.6 16.4 282.6 25.1 
44YO2-61-18 5021 172 25059 10.8 12.6 55.3 22.5 6.00 105.8 129.8 25.3 340.6 24.1 
44YO2-61-19 5267 109 20527 5.7 8.7 29.3 20.9 6.00 70.2 251.2 15.2 284.8 16.5 
44YO2-61-20 4866 215 44950 21.3 28.8 55.4 20.1 6.00 75.1 93.0 12.2 274.3 10.8 
44YO2-61-21 5051 385 50840 32.8 13.1 92.9 21.31 6.00 135.2 178.1 24.4 174.6 14.5 
44YO2-61-22 5040 196 38110 18.2 16.9 74.5 19.5 6.00 78.8 191.6 16.5 245.1 7.2 
44YO2-61-23/28 5245 126 22676 7.5 12.4 32.5 16.8 6.00 66.5 274.4 9.7 257.3 17.9 
44YO2-61-28/23 5031 143 37810 25.4 17.2 58.8 13.63 6.00 68.3 293.8 14.9 258.2 8.7 
44YO2-61-24 5289 104 38820 21.6 13.7 50.4 20.5 6.00 101.9 153.1 17.3 319.0 21.2 
44YO2-61-25 4937 178 48350 24.9 6.8 62.6 15.68 6.00 80.0 302.8 14.8 213.5 -0.80 
44YO2-61-26 6026 145 24998 10.3 13.8 40.3 20.87 6.00 114.7 154.9 26.4 322.7 14.0 
44YO2-61-27 4281 153 32080 20.6 16.9 61.8 18.49 6.00 87.7 259.4 18.6 284.4 19.1 
44YO2-66-1 5020 658 52740 35.8 12.4 73.3 19.7 6.00 89.2 251.9 40.7 293.8 13.7 
44YO2-66-3 4865 172 47800 29.3 20.8 74.0 16.8 6.00 99.2 303.2 19.4 221.6 13.1 
44YO2-66-4 4976 179 57050 36.6 20.1 68.0 16.0 6.00 87.3 303.7 16.8 207.3 20.1 
44YO2-66-7 4997 136 30294 16.1 11.0 44.8 16.36 6.00 75.1 221.0 17.9 314.5 9.6 
39 
 
Table 1. Elemental Concentrations (ppm) 
         Sample Name Ti Mn Fe Ni Cu Zn Ga Th Rb Sr Y Zr Nb 
44YO2-66-9 4404 153 42630 30.9 11.0 61.6 16.32 6.00 74.5 310.6 13.4 192.7 13.9 
44YO2-66-10 5287 162 49590 42.7 12.4 71.8 16.9 6.00 86.7 302.0 20.9 210.9 13.6 
44YO2-66-13 5174 441 23629 6.4 24.4 139.7 23.38 6.00 181.6 219.2 20.9 289.8 25.8 
44YO2-66-14 4923 108 25884 6.6 8.4 52.5 18.71 6.00 85.3 187.8 21.1 300.4 19.0 
44YO2-66-15 4721 476 48260 32.4 9.6 67.7 19.38 6.00 82.4 284.7 31.8 258.8 13.5 
44YO2-66-18 4547 194 45490 26.4 11.8 54.3 15.31 6.00 83.3 262.0 17.5 197.8 16.2 
44Y02-66-20 5652 166 23628 16.9 25.5 64.2 20.53 6.00 82.9 282.9 19.3 229.6 14.4 
44YO2-66-21 4166 117 32500 11.3 9.6 58.7 18.47 6.00 74.4 382.4 21.1 225.0 11.4 
44YO2-66-22 4498 89 34867 14.4 11.2 62.0 19.89 6.00 75.4 354.8 24.0 239.4 8.8 
44YO2-66-23 5626 204 33667 9.8 29.2 88.5 24.8 6.00 86.2 161.7 19.9 246.1 29.4 
44YO2-66-24 4030 162 30450 4.5 13.1 60.6 16.3 6.00 63.0 508.7 17.4 204.2 2.3 
44YO2-66-26 4370 187 32944 17.5 8.4 60.1 16.83 6.00 76.9 375.0 18.2 239.1 13.3 
44YO2-66-27 4566 104 40464 18.7 8.4 68 15.97 6.00 84.6 271.8 22.6 268.4 16.5 
44YO2-66-28 5859 346 29126 5.1 19.1 84.7 17.92 6.00 102.1 143.1 24.9 283.8 20.8 
44YO2-66-30 4829 188 37810 10.4 14.8 57.4 15.4 6.00 72.8 289.6 22.2 239.1 11.5 
44YO2-66-31 4879 94 36230 17.7 15.3 57.4 15.88 6.00 63.2 372.9 15.6 276.8 14.9 
44YO2-66-33 5107 145 29280 8.1 12.6 71.4 19.2 6.00 66.6 269.8 18.1 233.8 16.3 
44YO2-66-35 4450 146 36660 14.1 12.9 64.4 18.11 6.00 86.6 294.9 14.3 250.3 16.8 
44YO2-66-36 5308 132 26110 9.7 14 43.4 20.73 6.00 93.1 254.8 20.9 273.8 18.6 
44YO2-66-37 5388 141 19581 3.3 11.8 31 20.82 6.00 81.3 218.7 24.1 304.4 20 
44YO2-66-38 4673 166 28933 17.9 14.8 64.8 15.28 6.00 84 273 17.6 217.9 -0.80 
44YO2-71-2 4964 137 24600 11.5 10.7 69.2 18.49 6.00 62 310.4 29.7 241.1 25.3 
44YO2-71-6 5067 134 26098 14.3 18.8 66.9 18.79 6.00 56 310.6 34.4 221.8 15.8 
44YO2-71-7 5023 150 25083 11.2 12.1 67.9 17.18 6.00 50.9 324 38.6 208.7 10.5 
44YO2-71-8 4081 200 25250 8.4 16.5 59.4 19.09 6.00 70.6 381.8 15.6 135 7.1 
44YO2-71-12 4896 187 28350 13.9 13.4 80.9 15.9 6.00 72.1 387.8 23.4 179.9 15.6 
44YO2-71-15 4798 96 26099 10.5 10.7 78.3 16.71 6.00 51 359.7 31.1 219.8 14.6 
44YO2-71-17 4898 260 26562 11.8 15.9 71.4 20.6 6.00 77.9 360.4 29.4 154.3 8 
44YO2-71-18 5705 188 26756 13.7 23 71.3 24.7 6.00 104.1 215.9 27.8 270.3 23.5 
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Table 1. Elemental Concentrations (ppm) 
         Sample Name Ti Mn Fe Ni Cu Zn Ga Th Rb Sr Y Zr Nb 
44YO2-71-21 5173 130 27161 11.4 13.2 65.2 16.02 6.00 52.3 333.3 33.1 252.8 9 
44YO2-71-24 4888 208 25318 9.6 19.6 63.3 15.76 6.00 65.4 423.3 17.6 159.1 10.6 
44YO2-71-27 4968 141 23228 11.6 14 62.9 18.82 6.00 49.1 367.9 28.4 215.6 19.3 
44YO2-71-38 5683 207 25856 13.9 23.9 81.8 24.5 6.00 83.5 223.1 30.7 271.4 18.2 
44YO2-71-48 5683 207 25856 13.9 23.9 81.8 24.5 6.00 83.5 223.1 30.7 271.4 18.2 
44YO2-71-49 4729 97 25793 19.2 9.4 70.9 16.22 6.00 48.7 320.8 34.6 214.8 13.1 
44YO2-71-55 4461 197 26410 7.8 21.9 65.7 15.8 6.00 40 420.7 22.5 152.3 11.2 
44YO2-81-1 5126 226 39840 22.1 27.2 84.4 19.56 6.00 89.5 301.1 30.2 247.8 14.6 
44YO2-81-2 5240 174 33700 14.2 30.1 75.1 16.6 6.00 96.5 400.2 23 229.7 18.6 
44YO2-81-3 5410 198 31800 14.6 25.3 82.6 16.1 6.00 95.2 335.8 33.3 240.5 16.4 
44YO2-81-10 5147 282 32030 12.5 26.5 65 18.9 6.00 94.8 311.3 26.8 246.7 21.3 
44YO2-81-14 5274 166 36950 20.6 18.5 66.4 18.3 6.00 100.1 330.5 23.7 234.1 15.6 
44YO2-82-5 4804 342 30232 14.5 26.1 109.7 24.8 6.00 150.8 191.3 26.4 143.2 14 
44YO2-82-6 4395 225 24853 9.8 22.3 57.4 14.6 6.00 60.3 381.3 26.1 146.3 6.9 
44YO2-82-8 4457 254 29319 11.3 9.8 64.1 17.62 6.00 55.1 334.7 25.3 162.8 13.3 
44YO2-82-14 4375 198 25536 11.5 14.9 52.8 15.48 6.00 64 370.9 23.7 149.5 8.7 
44YO2-82-29 4037 243 23287 8.7 10.8 52.3 16.39 6.00 66.2 346.9 22.1 146.9 10.2 
44YO2-82-33 4882 151 25731 9.3 11.4 63.8 19.11 6.00 54.3 326.1 35.1 228.5 18.3 
44YO2-87-1 4807 234 30892 9.9 14.9 54 16.81 6.00 66.3 284.3 17.6 259.6 13 
44YO2-87-2 4961 190 35370 20.1 16.8 55.9 16 6.00 84.2 286.3 20.9 255.9 18.8 
44YO2-87-3 4679 179 30748 22.3 11.2 68.8 18.14 6.00 61.3 123 16.4 337 16.4 
44YO2-87-4 5280 335 44820 24.8 17.9 59.5 18.1 6.00 72.6 346 17.5 252.2 14.4 
44YO2-87-5 4740 136 36160 25.2 22.8 86.5 16.1 6.00 52.7 531.2 32.9 230.3 4.7 
44YO2-87-6 4827 211 28320 11.1 12.8 85.9 15 6.00 74.4 337.3 35.6 286.1 19.7 
44YO2-87-7 5084 250 30526 7.9 17.5 54.6 17.52 6.00 74 327 14 275.2 19.2 
44YO2-87-8 5256 301 33825 21 14.7 61.9 16.84 6.00 91.6 269.8 18.3 284.7 12 
44YO2-87-9 5305 183 38460 16.4 21.6 35.2 23.3 6.00 52.2 366.2 17.8 262.6 18.5 
44YO2-87-10 5026 193 28661 12.4 20.5 54.3 18.81 6.00 66.2 314.5 30.1 175.5 12.8 
44YO2-87-11 5130 160 32569 19.8 10.7 66.6 18.88 6.00 66.6 185.2 16.1 334.5 12.7 
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Table 1. Elemental Concentrations (ppm) 
         Sample Name Ti Mn Fe Ni Cu Zn Ga Th Rb Sr Y Zr Nb 
44YO2-87-12 5120 212 30410 20.1 20.3 76.3 16.63 6.00 75.5 272.4 36 213 19.8 
44YO2-87-13 4873 185 29532 8.8 21.3 72.2 18.86 6.00 70.2 303.3 30.6 195.6 9.6 
44YO2-87-14 5457 140 37905 21.1 18.6 38.5 18.6 6.00 54.1 359.1 21.2 263 17.2 
44YO2-87-15 5239 179 29209 17.7 11 68.7 17.5 6.00 71.8 343.6 28.3 168.6 17 
44YO2-87-16 4677 187 27889 9.8 7.9 75.8 17.5 6.00 66.7 278.5 27.1 163.8 17.9 
44YO2-87-17 5551 175 47570 27.8 9.8 68.6 18.1 6.00 78.2 319.9 16.9 256.7 7.4 
44YO2-87-18 5230 185 38630 15.4 14.7 54.8 16.8 6.00 85.6 296.6 21.6 279.3 12.9 
44YO2-87-20 5600 563 71150 50.8 13.9 102.2 20.5 6.00 96.5 258.4 46.7 214.4 10.6 
44YO2-87-21 5154 175 29159 13.4 8.1 74.2 17.89 6.00 76.9 384.9 36.8 285.8 6.9 
44YO2-87-23 4675 215 25037 13.4 19 62.7 19.36 6.00 65.2 456.6 17.3 166 15.9 
44YO2-87-36 4682 314 32090 8.5 17.2 74.8 12.7 6.00 86.2 650.7 16.3 122.1 10 
44YO2-87-37 5120 274 36110 15.1 20.9 86.9 17.8 6.00 73.2 173.9 37.4 318.2 14.4 
44YO2-87-39 5390 144 35280 10.1 24.7 60.2 17.94 6.00 62.2 210.1 12 377.5 19.9 
44YO2-87-42 4315 916 21858 22.3 47.7 244.8 17.7 6.00 84 398.8 26.9 227.9 15.1 
44YO2-91-1 5204 161 35297 10.5 24.8 40.6 19.8 6.00 52.7 443.4 19.4 245.4 13 
44YO2-91-2 5547 966 44950 30.7 21.8 72.3 16.24 6.00 98.0 108.2 21.9 372.8 17.2 
44YO2-91-3 5416 368 41220 28.7 19.6 69.4 17.48 6.00 65.7 99.3 12.7 300.5 20.1 
44YO2-91-4 6120 229 48790 28.3 26.8 72.8 16.1 6.00 68.5 90.5 16.5 293 14.4 
44YO2-91-5 5445 399 43930 26.8 18.6 60.2 19.11 6.00 69.5 101.4 27.5 313.7 16.1 
55L80-3-1 6770 1534 80610 53 33.6 130.3 22.5 6.00 130.2 73.4 42.4 287.7 14.6 
55L80-3-2 6500 332 29568 23.8 40.1 114.9 29.4 6.00 161.6 68.3 34.4 190.8 25.1 
55L80-3-3 4937 518 47770 33.3 24 94.6 22.78 6.00 131.1 61.5 30.2 234.9 20.5 
55L80-3-4 5593 444 33280 15.8 17 75.6 20.56 6.00 97.7 57.8 24.2 354.6 10.5 
55L80-3-5 5320 885 46490 36.1 25.8 176.9 21.5 6.00 130.1 64.6 29.9 236.7 17.1 
55L80-3-6 5189 283 28295 18.5 11.1 72.3 16.4 6.00 77.7 57.4 28.4 299 6.4 
55L80-3-7 6120 2071 77380 61.7 14.7 125.6 21.6 6.00 134.4 75.4 43.1 281.6 17.6 
55L80-3-8 6440 444 54470 35.8 24.6 78.3 26.3 6.00 105.1 56.6 33 224.9 21.6 
55L80-3-9 4672 761 26740 8.8 15.7 73.6 18.33 6.00 86.1 45.5 24.7 324.7 14.7 
55L80-3-10 5345 385 26413 21.8 33.9 111.2 25.8 21.3 145.5 69.3 30.8 188.8 23.9 
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Table 1. Elemental Concentrations (ppm) 
         Sample Name Ti Mn Fe Ni Cu Zn Ga Th Rb Sr Y Zr Nb 
55L80-4-1 6930 620 60540 24.9 39.9 89.5 25.2 6.00 78.7 51.5 28.3 345 20.4 
55L80-4-2 6157 457 46580 30.9 35.6 87 24.4 6.00 190.9 52.5 22.1 299.4 25.7 
55L80-4-3 5677 511 19438 6.8 14.4 44.2 20.19 6.00 79.3 48.9 29.2 346.4 19.9 
55L80-4-4 5444 949 29360 15.5 12.5 55.1 22.7 6.00 153.4 55.9 29.3 314.7 17 
55L80-4-5 5815 565 31608 25.8 25.9 102.4 27.1 6.00 173.6 77.7 39 257.9 21.9 
55L80-4-6 5682 490 45770 30.5 12.3 55.7 22.13 6.00 102.7 49.8 22.7 311.4 26.8 
55L80-4-7 5680 423 45880 25.8 18.3 64.3 25.3 6.00 169.2 62.6 23.6 195 16.8 
55L80-4-8 5174 556 31962 22.1 19.8 105.6 23.7 6.00 119.3 53 25.3 296 24.8 
55L80-4-9 5790 585 44260 28 27.6 59.2 22.2 6.00 102.8 54.2 22 312.3 12.2 
55L80-4-10 5770 629 37940 20.8 24.8 97.8 21.7 6.00 110.5 141.7 24.8 299.1 27.4 
55L80-5-1 5387 458 48160 34.8 27 70.8 26 6.00 79 55.2 32.3 283.8 18.7 
55L80-5-2 5554 573 36357 24.9 22.9 87.8 26 6.00 95.2 62.3 27.7 272.5 7.7 
55L80-5-3 5434 405 35890 22 27.7 89.5 24.1 6.00 71.6 66.4 35 267.9 13.5 
55L80-5-4 5670 687 41670 36.4 27.2 90.6 21.4 6.00 115.4 122.9 34.1 296.5 23.9 
55L80-5-5 6483 436 47710 30.2 24.9 77.9 18.74 6.00 67.7 61.5 38.3 327.4 15 
55L80-5-6 4849 251 31365 14.9 21.9 56.3 15.4 6.00 129.9 58.6 11.2 285.2 13.4 
55L80-5-7 6360 662 42990 25.7 32.3 88.5 19.6 6.00 62.9 60.3 37.3 366.2 12.1 
55L80-5-8 4249 255 22737 12.3 22.5 57.7 22 6.00 124 50.1 17.5 253.9 2.8 
55L80-5-9 4733 412 20679 12 24 59 18.9 6.00 119.8 59 23.5 210.9 21.1 
55L80-5-10 4180 1139 30740 21.7 16.1 40.1 17.5 6.00 92.2 62.8 15.3 267.5 18.8 
Qm clay 4404 269 37105 30 13.1 66.3 15.36 6.00 71.9 112.7 23.6 289.9 3.8 
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Table 2. Standard Deviations 
          Sample Name Ti Mn Fe Ni Cu Zn Ga Th Rb Sr Y Zr Nb 
44YO2-61-1 81 14 95 1.7 2.2 3 0.88 0 1.5 1.9 1.7 2.4 2.2 
44YO2-61-2 79 12 75 1.7 2.2 2.3 0.99 0 1.6 2 1.7 2.5 2.2 
44YO2-61-5 81 15 100 1.8 2.1 2.4 0.87 0 1.4 2.1 1.7 2.4 2.3 
44YO2-61-6 85 16 96 1.9 2.3 2.8 0.98 0 1.7 2.5 1.8 2.5 2.4 
44YO2-61-7 93 17 110 1.9 2.6 3 1.1 0 1.8 2 1.9 2.6 2.5 
44YO2-61-8 78 14 93 1.8 2.2 2.3 0.87 0 1.5 2.4 1.7 2.4 2.3 
44YO2-61-9 89 14 84 1.8 2.4 2.7 1 0 1.8 2.3 1.9 2.8 2.5 
44YO2-61-11 80 22 110 1.9 2.3 2.7 0.92 0 1.5 2.2 1.8 2.5 2.3 
44YO2-61-12 88 16 110 1.9 2.5 2.7 0.95 0 1.7 2.7 1.9 2.6 2.5 
44YO2-61-13 82 15 98 1.8 2.3 2.4 0.94 0 1.6 2.5 1.8 2.5 2.4 
44YO2-61-14 89 15 82 1.9 2.6 3 1.1 0 1.7 2 1.8 2.3 2.3 
44YO2-61-15 79 15 93 1.8 2.4 3.1 0.97 0 1.6 2.6 1.8 2.6 2.5 
44YO2-61-16 84 16 110 2.2 2.5 3.8 0.97 0 1.8 1.9 2 2.3 2.4 
44YO2-61-17 81 11 58 1.5 2.2 2 0.93 0 1.6 2.1 1.7 2.4 2.2 
44YO2-61-18 83 13 78 1.6 2.3 2.5 1 0 1.7 1.8 1.8 2.6 2.3 
44YO2-61-19 87 13 74 1.6 2.3 2.1 1 0 1.6 2.4 1.8 2.7 2.5 
44YO2-61-20 99 19 120 2.1 2.8 2.9 1.1 0 1.8 1.9 2 2.8 2.7 
44YO2-61-21 89 20 120 2.1 2.4 3.3 0.99 0 1.9 2.1 1.9 2.3 2.4 
44YO2-61-22 100 18 120 2 2.8 3.3 1.1 0 1.9 2.5 2.1 2.9 2.8 
44YO2-61-23/28 94 15 85 1.9 2.5 2.4 1 0 1.8 2.7 2 2.9 2.7 
44YO2-61-28/23 86 16 100 1.9 2.4 2.7 0.91 0 1.6 2.5 1.9 2.7 2.5 
44YO2-61-24 98 16 110 2 2.6 2.7 1.1 0 1.9 2.1 2 2.9 2.6 
44YO2-61-25 89 18 120 2.1 2.3 2.9 0.99 0 1.7 2.6 1.9 2.6 0 
44YO2-61-26 88 13 76 1.6 2.2 2.2 0.95 0 1.7 1.9 1.8 2.5 2.3 
44YO2-61-27 76 14 88 1.7 2.1 2.5 0.9 0 1.6 2.2 1.7 2.5 2.3 
44YO2-66-1 100 26 140 2.3 2.6 3.3 1.1 0 1.9 2.6 2.2 3 2.7 
44YO2-66-3 95 18 130 2.2 2.7 3.1 1 0 1.9 2.7 2 2.7 2.6 
44YO2-66-4 98 19 140 2.3 2.6 3.2 1.1 0 1.9 2.7 2 2.7 2.6 
44YO2-66-7 82 13 86 1.7 2.2 2.2 0.89 0 1.6 2.1 1.7 2.6 2.3 
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Table 2. Standard Deviations 
          Sample Name Ti Mn Fe Ni Cu Zn Ga Th Rb Sr Y Zr Nb 
44YO2-66-9 78 15 100 1.9 2.2 2.6 0.89 0 1.6 2.4 1.7 2.3 2.3 
44YO2-66-10 98 19 130 2.2 2.6 3.1 1 0 1.9 2.8 2 2.7 2.6 
44YO2-66-13 82 17 75 1.7 2.4 3.6 0.96 0 2 2.1 1.8 2.5 2.3 
44YO2-66-14 81 13 78 1.7 2.1 2.3 0.93 0 1.6 2 1.7 2.5 2.3 
44YO2-66-15 84 20 110 2 2.2 2.7 0.94 0 1.6 2.4 1.8 2.5 2.3 
44YO2-66-18 77 16 100 1.8 2.1 2.5 0.84 0 1.5 2.2 1.7 2.2 2.2 
44Y02-66-20 84 13 74 1.7 2.4 2.6 0.93 0 1.6 2.3 1.7 2.4 2.3 
44YO2-66-21 76 14 90 1.7 2.1 2.6 0.88 0 1.6 2.6 1.7 2.4 2.3 
44YO2-66-22 81 14 96 1.8 2.3 2.7 0.92 0 1.6 2.6 1.8 2.5 2.4 
44YO2-66-23 89 15 92 1.9 2.4 3 1 0 1.6 1.9 1.8 2.4 2.3 
44YO2-66-24 85 16 100 1.9 2.5 3 1 0 1.8 3.5 2 2.9 2.7 
44YO2-66-26 80 14 93 1.8 2.2 2.7 0.93 0 1.6 2.7 1.8 2.5 2.4 
44YO2-66-27 77 14 98 1.7 2.2 2.6 0.86 0 1.5 2.2 1.7 2.4 2.2 
44YO2-66-28 89 17 84 1.7 2.3 2.8 0.9 0 1.7 1.9 1.8 2.5 2.3 
44YO2-66-30 95 18 120 2.1 2.7 2.9 1.1 0 1.9 2.8 2.1 2.9 2.7 
44YO2-66-31 88 15 110 1.9 2.4 2.7 0.95 0 1.7 2.9 1.9 2.8 2.5 
44YO2-66-33 83 14 88 1.7 2.2 2.8 0.97 0 1.6 2.4 1.8 2.5 2.4 
44YO2-66-35 82 15 100 1.8 2.2 2.7 0.94 0 1.7 2.5 1.8 2.6 2.4 
44YO2-66-36 81 13 78 1.6 2.2 2.2 0.99 0 1.6 2.2 1.7 2.4 2.2 
44YO2-66-37 84 12 68 1.6 2.1 2.1 0.99 0 1.6 2.1 1.7 2.5 2.3 
44YO2-66-38 89 16 95 1.9 2.4 3 0.98 0 1.8 2.6 1.9 2.6 0 
44YO2-71-2 76 12 74 1.7 2 2.5 0.89 0 1.4 2.3 1.7 2.3 2.2 
44YO2-71-6 80 13 79 1.8 2.2 2.6 0.9 0 1.4 2.4 1.8 2.3 2.3 
44YO2-71-7 81 13 80 1.8 2.3 2.7 0.97 0 1.5 2.5 1.8 2.4 2.4 
44YO2-71-8 80 16 87 1.8 2.4 2.9 0.96 0 1.7 2.9 1.9 2.4 2.5 
44YO2-71-12 99 18 100 2.3 2.8 3.4 1.1 0 1.9 3.3 2.2 2.9 2.9 
44YO2-71-15 85 13 86 1.8 2.3 2.9 0.93 0 1.5 2.7 1.9 2.6 2.5 
44YO2-71-17 87 17 90 1.8 2.4 3 1.1 0 1.8 2.9 1.9 2.5 2.5 
44YO2-71-18 87 14 80 1.8 2.4 2.7 1 0 1.7 2.1 1.8 2.4 2.3 
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Table 2. Standard Deviations 
          Sample Name Ti Mn Fe Ni Cu Zn Ga Th Rb Sr Y Zr Nb 
44YO2-71-21 85 14 85 1.8 2.2 2.7 0.93 0 1.5 2.6 1.9 2.6 2.4 
44YO2-71-24 88 16 90 2 2.5 3 0.97 0 1.7 3.1 2 2.6 2.6 
44YO2-71-27 78 13 74 1.8 2.1 2.5 0.91 0 1.4 2.6 1.8 2.3 2.3 
44YO2-71-38 93 15 83 1.9 2.4 3 1.1 0 1.7 2.3 1.9 2.6 2.5 
44YO2-71-48 110 17 110 2.4 3 3.4 1.3 0 2 3.7 2.4 3.3 3.1 
44YO2-71-49 89 15 88 2 2.3 3 0.98 0 1.6 2.7 2 2.6 2.5 
44YO2-71-55 96 18 100 2.1 2.9 3.3 1.1 0 1.8 3.6 2.3 2.9 3 
44YO2-81-1 88 17 100 2 2.6 3 0.96 0 1.7 2.5 1.8 2.5 2.4 
44YO2-81-2 110 20 120 2.2 3.3 3.6 1.2 0 2.1 3.5 2.3 3.2 3 
44YO2-81-3 120 21 130 2.5 3.4 4 1.3 0 2.3 3.6 2.6 3.6 3.4 
44YO2-81-10 94 18 100 2 2.7 3 1 0 1.9 2.7 2 2.7 2.6 
44YO2-81-14 96 17 110 2 2.8 3.1 1 0 1.9 2.8 2 2.8 2.6 
44YO2-82-5 82 17 87 1.9 2.6 3.3 1 0 1.9 2.1 1.8 2.1 2.3 
44YO2-82-6 86 17 92 2 2.9 3 1 0 1.8 3.1 2.1 2.6 2.7 
44YO2-82-8 82 16 91 1.9 2.4 2.8 0.91 0 1.6 2.7 1.9 2.4 2.4 
44YO2-82-14 81 15 85 1.9 2.4 2.7 0.96 0 1.6 2.8 1.9 2.4 2.5 
44YO2-82-29 73 14 77 1.6 2.3 2.5 0.88 0 1.5 2.6 1.8 2.3 2.3 
44YO2-82-33 84 14 83 1.8 2.3 2.8 0.99 0 1.5 2.6 1.9 2.5 2.4 
44YO2-87-1 84 16 91 1.8 2.3 2.5 0.96 0 1.6 2.5 1.8 2.6 2.4 
44YO2-87-2 89 16 100 1.9 2.4 2.6 0.92 0 1.7 2.5 1.9 2.6 2.5 
44YO2-87-3 81 14 85 1.7 2.1 2.7 0.86 0 1.4 1.7 1.7 2.5 2.3 
44YO2-87-4 100 22 130 2.1 2.8 3 1.1 0 1.9 3 2.1 2.9 2.7 
44YO2-87-5 89 16 110 2.1 2.6 3.3 0.95 0 1.6 3.4 2 2.8 2.6 
44YO2-87-6 96 17 98 2.1 2.7 3.4 1 0 1.8 2.9 2.1 3 2.7 
44YO2-87-7 85 17 92 1.9 2.4 2.6 0.96 0 1.6 2.6 1.8 2.7 2.4 
44YO2-87-8 86 17 94 1.9 2.4 2.6 0.95 0 1.7 2.4 1.8 2.6 2.4 
44YO2-87-9 92 16 110 1.9 2.5 2.4 1 0 1.6 2.8 1.9 2.7 2.5 
44YO2-87-10 88 16 91 1.8 2.5 2.8 0.99 0 1.6 2.6 1.9 2.5 2.5 
44YO2-87-11 92 15 98 1.9 2.2 2.9 0.97 0 1.7 2.2 1.9 2.9 2.5 
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Table 2. Standard Deviations 
          Sample Name Ti Mn Fe Ni Cu Zn Ga Th Rb Sr Y Zr Nb 
44YO2-87-12 82 15 86 1.9 2.3 2.8 0.9 0 1.5 2.3 1.8 2.3 2.3 
44YO2-87-13 82 15 87 1.8 2.3 2.8 0.92 0 1.6 2.4 1.8 2.3 2.3 
44YO2-87-14 86 15 97 1.8 2.3 2.2 0.96 0 1.5 2.5 1.7 2.5 2.3 
44YO2-87-15 93 17 96 2 2.6 3 1.1 0 1.8 2.9 2 2.6 2.6 
44YO2-87-16 88 16 92 2 2.4 3 1 0 1.7 2.6 2 2.5 2.6 
44YO2-87-17 95 18 120 1.9 2.4 2.8 1 0 1.7 2.6 1.8 2.6 2.4 
44YO2-87-18 100 18 120 2.2 2.6 3 1.1 0 2 2.9 2.1 3 2.8 
44YO2-87-20 120 29 170 2.4 2.8 3.9 1.2 0 2.1 2.8 2.3 2.9 2.9 
44YO2-87-21 89 16 90 2 2.3 3.1 0.95 0 1.7 2.8 1.9 2.7 2.4 
44YO2-87-23 84 16 88 1.9 2.6 2.9 0.99 0 1.7 3.2 2 2.6 2.6 
44YO2-87-36 94 21 110 2.1 2.7 3.4 1 0 2.1 4.1 2.2 2.8 2.9 
44YO2-87-37 100 20 110 2.1 2.8 3.5 1.1 0 1.8 2.3 2.1 3 2.7 
44YO2-87-39 87 14 96 1.8 2.4 2.6 0.97 0 1.5 2.1 1.7 2.7 2.3 
44YO2-87-42 93 30 91 2.4 3.6 5.7 1.1 0 2.1 3.3 2.2 3 2.9 
44YO2-91-1 86 16 97 1.7 2.6 2.3 0.97 0 1.5 2.9 1.8 2.6 2.4 
44YO2-91-2 90 24 110 1.8 2.4 2.7 0.9 0 1.6 1.7 1.7 2.6 2.3 
44YO2-91-3 89 19 100 1.8 2.3 2.6 0.96 0 1.5 1.7 1.7 2.5 2.3 
44YO2-91-4 120 22 140 2.1 3.1 3.4 1.1 0 1.9 2.1 2.2 3.1 2.9 
44YO2-91-5 91 19 110 1.9 2.4 2.6 0.98 0 1.6 1.7 1.8 2.6 2.3 
55L80-3-1 120 37 170 2.6 3 4.1 1.2 0 2.1 1.8 2.2 2.9 2.7 
55L80-3-2 88 16 80 1.9 2.7 3.1 1.1 0 1.8 1.5 1.7 2 2.2 
55L80-3-3 83 20 110 1.9 2.3 3.1 0.99 0 1.8 1.5 1.8 2.3 2.3 
55L80-3-4 87 18 90 1.7 2.3 2.8 0.98 0 1.6 1.5 1.8 2.6 2.3 
55L80-3-5 94 26 120 2.1 2.7 4.2 1.1 0 2 1.6 1.9 2.5 2.5 
55L80-3-6 96 18 95 2 2.5 3.1 1 0 1.8 1.7 2 2.8 2.6 
55L80-3-7 100 37 150 2.5 2.6 3.6 1.1 0 1.9 1.7 2 2.5 2.4 
55L80-3-8 110 23 140 2.2 2.7 3.2 1.3 0 2 1.7 2.1 2.6 2.7 
55L80-3-9 78 21 80 1.7 2.2 2.6 0.9 0 1.6 1.4 1.8 2.5 2.3 
55L80-3-10 84 17 78 1.9 2.6 3.1 1.1 3.4 1.8 1.5 1.8 2.1 2.2 
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Table 2. Standard Deviations 
          Sample Name Ti Mn Fe Ni Cu Zn Ga Th Rb Sr Y Zr Nb 
55L80-4-1 100 23 130 1.9 2.7 3 1.1 0 1.6 1.5 1.8 2.6 2.4 
55L80-4-2 98 20 110 2 2.7 3.1 1.1 0 2.1 1.5 1.9 2.6 2.4 
55L80-4-3 87 18 68 1.6 2.3 2.3 0.92 0 1.6 1.4 1.8 2.6 2.3 
55L80-4-4 93 25 90 1.7 2.3 2.6 1 0 2 1.6 1.9 2.6 2.4 
55L80-4-5 96 21 94 2 2.6 3.3 1.2 0 2.1 1.7 2 2.5 2.5 
55L80-4-6 89 20 110 1.8 2.3 2.4 0.98 0 1.6 1.4 1.7 2.4 2.3 
55L80-4-7 98 20 110 1.9 2.4 2.7 1.1 0 2.1 1.6 1.9 2.3 2.4 
55L80-4-8 88 21 94 1.9 2.5 3.3 1.1 0 1.9 1.6 1.9 2.6 2.5 
55L80-4-9 110 24 130 2.1 2.8 3 1.2 0 2 1.7 2.1 3 2.7 
55L80-4-10 98 23 110 2 2.7 3.3 1.1 0 1.9 2 2 2.7 2.5 
55L80-5-1 96 22 120 2.1 2.7 3 1.1 0 1.7 1.6 1.9 2.6 2.5 
55L80-5-2 86 20 92 1.8 2.4 2.9 1 0 1.6 1.5 1.7 2.3 2.2 
55L80-5-3 99 21 110 2 2.9 3.3 1.2 0 1.7 1.7 2 2.7 2.6 
55L80-5-4 120 28 130 2.2 3 3.8 1.3 0 2.2 2.3 2.3 3.2 3 
55L80-5-5 97 20 110 1.9 2.4 2.8 0.95 0 1.5 1.5 1.8 2.5 2.3 
55L80-5-6 94 17 99 1.9 2.6 2.6 1 0 2 1.7 2 2.7 2.6 
55L80-5-7 110 27 130 2.2 3.2 3.6 1.2 0 1.9 1.9 2.2 3.2 2.9 
55L80-5-8 90 18 87 2.1 2.8 3 1.2 0 2 1.7 2.1 2.8 2.6 
55L80-5-9 88 18 76 1.8 2.5 2.7 1 0 1.9 1.6 1.9 2.5 2.5 
55L80-5-10 100 33 110 2.1 2.8 2.7 1.2 0 2 1.9 2.2 3 2.9 
Qm clay 76 16 94 1.8 2.2 2.6 0.84 0 1.5 1.7 1.7 2.4 2.3 
 
 
